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Abstract— Device-to-device (D2D) underlaid cellular network,
enabled with radio frequency energy harvesting (RFEH), and
enhanced interference management schemes is a promising
candidate to improve spectral and energy efficiency of next
generation wireless networks. In this paper, we propose a time
division duplexing (TDD)-based protocol, in which allows the
devices to harvest energy from the downlink transmissions of
the base station, while controlling the interference among D2D
and cellular communication in the uplink. We propose two
schemes for transmission coordination, based on fixed trans-
mission probability (FTP) and adaptive transmission probability
(ATP), respectively. In FTP, the D2D transmitters that have
harvested enough energy can initiate data transmission with
a fixed probability. Differently from this, in ATP a device
utilizes its sensing capability to get improved coordination and
interference control among the transmitting devices. We evaluate
the network performance by presenting an accurate energy model
and leveraging tools from stochastic geometry. The results on
outage probability and D2D sum-rate reveal the importance
of transmission coordination on network performance. These
observations led to a solution for choosing the parameters of
the ATP scheme that achieves an optimal tradeoff between the
D2D outage probability and number of transmitting users.
Index Terms—Device-to-device communication, cellular net-
work, radio frequency energy harvesting, interference manage-
ment, outage probability, stochastic geometry.
I. INTRODUCTION
Device-to-device (D2D) communication as an underlay to
a cellular network refers to the direct communication between
proximate users without going through the base station (BS).
This feature can improve spectral and energy efficiency, delay
and overall throughput [1]–[3].
However, D2D communication that uses the same spectrum
as the cellular network may cause a significant interference,
which needs to be dealt with through interference management
schemes [3]–[7].
Another major challenge in future wireless networks is en-
ergy consumption [8], which can be addressed through energy
harvesting (EH), leading eventually to devices that are self-
powered [9], [10]. Radio frequency energy harvesting (RFEH)
enables transceivers to restore energy by converting the re-
ceived RF signals to electricity [11]. RFEH is becoming more
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relevant due to the steady increase of electromagnetic waves in
both indoor and outdoor environments at all times [12]–[14].
Although current harvesting circuits can only afford to save a
limited amount of energy, they can be still suitable in a D2D
setting due to the low power used for D2D transmissions.
This paper treats D2D underlaid cellular network that uses
RFEH, introduces novel communication schemes and provides
a comprehensive analysis based on stochastic geometry.
A. Related Work
Stochastic geometry has been widely used to model and
analyze the interference of wireless networks [15] and it
has also been applied to performance analysis of EH-based
D2D communication networks [10], [16]–[20]. The authors
in [10], studied the performance of EH-based cognitive D2D
underlying multi-channel cellular communication, where D2D
transmission was considered successful if both the EH and
transmission process were successful. The performance of a
RFEH-based D2D network which had four different models
for EH and transmission was addressed in [16] using Markov
chain. The probability of harvesting enough energy for D2D
users was evaluated in [17] where D2D users were able to
harvest energy from both BS and power beacons. In [18],
a trade-off between the number of D2D transmissions and
the amount of harvested energy was formed for EH-based
D2D users which had only access to a portion of the cel-
lular spectrum. Authors in [19], studied the D2D relaying
for EH-based communications. In [20], the energy efficiency
of D2D communication underlying multiple-input multiple-
output cellular communication with EH from the dedicated
power beacons and cellular users’ transmissions was evaluated.
Resource allocation in EH-based D2D communication net-
works has been treated in [9], [21]–[24]. The work [9]
introduced resource management based on deep learning to
maximize the sum rate by controlling the transmission power
and the power splitting ratio. Maximizing the sum throughput
using time scheduling and power control was provided in [21].
The authors in [22] minimized the total energy cost of all
D2D transmitters and cellular users, while guaranteeing the
quality-of-service requirement for D2D and cellular commu-
nication by dynamic spectrum allocation. Energy efficiency
maximization was also evaluated in [23] using game-theoretic
learning approach. In this context, joint spectrum resource
allocation and power control problems were studied in [24] in
a simultaneous wireless information and power transfer based
D2D network.
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2B. Our Contribution
In this paper, we design uplink (UL) and downlink (DL) of
a time division duplexing (TDD) protocol in order to support
both interference management and RFEH. In this system, in
the DL, the BS transmits to the cellular user, while the D2D
transmitters remain idle and harvest energy from BS signal.
During the UL, a cellular user transmits to the BS, while the
D2D transmitters that have sufficient energy can communicate
with their corresponding receivers. The main contributions of
this work are summarized as follows:
• We investigate RFEH-based D2D network under two
different assumptions for the D2D transmitters: with and
without sensing capabilities, respectively. In this regards,
to coordinate the D2D transmissions occurring during
the UL period, we propose two different schemes: fixed
transmission probability (FTP) and adaptive transmission
probability (ATP). In FTP, a D2D transmitter with suf-
ficient energy can initiate a transmission with a fixed
probability. In ATP, a D2D transmitter senses the chan-
nel before transmission in order to reduce the induced
interference towards the other D2D links.
• We present an accurate energy model based on the
available energy in the batteries of D2D transmitters. By
applying this model, we evaluate the performance of the
FTP and ATP schemes.
• Using stochastic geometry, the BS and D2D outage
probabilities and average achievable D2D sum-rate are
derived, providing insights into the impact that the system
parameters have on the performance.
The rest of this paper is organized as follows: In Section II,
the system model, including the network model as well as EH
model, for the D2D underlaid cellular network is presented.
The analytical expressions for D2D and BS outage probabil-
ities and average achievable D2D sum-rate for both FTP and
ATP schemes are derived in Section III. Numerical results are
described in Section IV, followed by conclusions in Section V.
Notation: Pr(·) denotes the probability; E [X] and fX(x)
are the expected value and probability density function (PDF)
of random variable X , respectively; Γ(a) =
∫∞
0
e−xxa−1dx
denotes Gamma function defined in [25, Eq. (6.1.1)]; and
arccos (y) denotes the inverse of cosine function at y.
II. SYSTEM MODEL
A. Network Model
We consider a single-cell cellular network underlaid D2D
communication consisting of a single BS, a cellular user, and
multiple D2D pairs as shown in Fig. 1 like [26], [27]. The BS
is located at the center of the cell with radius R, and the cel-
lular user is randomly located within the cell. Moreover, D2D
transmitters, constructing set Φd, are distributed according to
a homogeneous Poisson Point Process (PPP) with density λd.
Each D2D receiver is placed at a distance of rd meters from
its transmitter with a uniform random direction [26], [27].
Cellular and D2D communications operate based on the
TDD protocol where the DL and UL sub-slots alternate. The
BS
D2D Receiver
D2D Transmitter
Cellular User
Fig. 1. Single-cell D2D underlaid cellular network consists of one BS, one
cellular user and multiple randomly distributed D2D pairs.
time is slotted and each time slot is divided into UL and DL
sub-slots, each of them of a duration T , see Fig. 2. In DL,
BS transmits to the cellular user, while the D2D transmitters
remain idle and only harvest energy from BS transmissions. In
an UL sub-slot, the cellular user transmits to the BS, while the
D2D transmitters either communicate with their corresponding
receivers or remain idle. In the rest of the paper, and without
loss of generality, the duration of each UL and DL sub-slot
is normalized T = 1, making it possible to treat power as
equivalent to energy.
During the UL sub-slot, the received signal at BS can be
expressed as
yb = d
−α
2
c,b hc,bsc +
∑
j∈φt
d
−α
2
j,b hj,bsj + nb, (1)
where sc is the signal sent by the cellular user and sj is
the jth D2D transmitter interfering at the BS. The Rayleigh
fading channel from ith D2D transmitter to jth D2D receiver
is denoted by hi,j where the channel gain, |hi,j |2, follows the
exponential distribution with unit average power. The distance
and path loss between ith D2D transmitter and jth D2D
receiver are denoted by di,j and d−αi,j , respectively where α
stands for path loss exponent. Let φt denote a subset of all
D2D transmitters i.e. Φd that are able to transmit based on the
FTP/ATP schemes. Moreover, nb is the zero-mean additive
white Gaussian noise (AWGN) at the BS with noise power
N0.
In an UL sub-slot, the received signal by the ith D2D
receiver can be expressed as
yi = r
−α
2
d hi,isi +
∑
j∈φt,j 6=i
d
−α
2
j,i hj,isj + d
−α
2
c,i hc,isc + ni, (2)
where si is the signal from the desired, while sj from the
undesired D2D transmitter. Moreover, ni is AWGN at ith D2D
receiver with power N0. Note that in (2), the first term denotes
the desired signal, while the second and third terms represent
the interference from other D2D transmitters and the cellular
user, respectively.
In the DL, the received signal by the cellular user from BS
can be expressed as
3UL
(𝑛 − 1)𝑡ℎ time-slot 𝑛𝑡ℎ time-slot
Cellular user 
transmits to BS
D2D transmitters 
transmit or are idle
BS transmits to 
cellular user
D2D transmitters 
harvest energy
DL UL DL
Cellular user 
transmits to BS
D2D transmitters 
transmit or are idle
BS transmits to 
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D2D transmitters 
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En−1
i En
i En+1
i
Fig. 2. Time-slots diagram, UL and DL placement and battery energy level
for the ith user.
yc = d
−α
2
b,c hb,csb + nc, (3)
where sb denotes the transmitted signal by BS and nc is the
AWGN at cellular user.
By using (1), the signal-to-noise plus interference (SINR)
at the BS in the UL sub-slots, can be written as
Γb =
Pc|hc,b|2d−αc,b∑
j∈φt Pd|hj,b|2d−αj,b +N0
, (4)
where Pc and Pd denote the transmission power of cellular
user and D2D transmitters, respectively.
Moreover, by invoking (2), the received SINR at ith D2D
receiver in the UL sub-slots is given by
Γi=
Pd|hi,i|2r−αd∑
j∈φt,j 6=iPd|hj,i|2d−αj,i +Pc|hc,i|2d−αc,i +N0
. (5)
B. Energy Harvesting Model
Each D2D transmitter is equipped with a battery which
extracts the energy of the RF signals transmitted by the BS
in DL sub-slots using a power conversion circuit [11]. Similar
to [18], [19], infinite battery capacity is assumed for D2D
transmitters to buffer the harvested energy.1 Let Ein denote
the available energy in the battery of ith D2D transmitter at
the beginning of nth UL sub-slot as shown in Fig. 2. Based
on this model, the available energy in the battery of the ith
D2D transmitter can be expressed as [28],
Ein = E
i
n−1 +H
i
n−1 − PdXin−1, (6)
where Hin−1 denotes the harvested energy by the i
th D2D
user at (n−1)th time-slot. Xin−1 gets values 0 or 1, according
to the proposed transmission scheme in the next section.
A D2D transmitter will be operable if its available energy
level is greater than or equal to a predefined threshold, denoted
by Eth. The battery of an operable user has the minimum
energy necessary for transmission. The average number of
D2D transmitters in the considered cell is λdpiR2, where piR2
is the cell area. By applying the thinning property of the
Poisson process [29], the D2D transmitters which are operable
constitute a PPP with density λdpio, where pio denotes the
probability of being operable, analyzed in the next section.
The energy harvested in each DL sub-slot for the ith D2D
1Infinite battery capacity assumption helps to simplify the derived equa-
tions. However, the results can be extended to the finite capacity model.
transmitter which is located at the distance db,i from BS
is determined by Hin = ηPb|hb,i|2d−αb,i where Pb is the
transmission power of BS [30]. Moreover, 0 < η ≤ 1 denotes
the RF to DC power conversion efficiency [11].
III. PROPOSED TRANSMISSION SCHEMES AND
PERFORMANCE EVALUATION
In this section, we describe the FTP and ATP schemes.
For each scheme, we derive the density of operable D2D
transmitters, BS outage probability, D2D outage probability,
and average achievable D2D sum-rate. In both schemes only
the operable D2D transmitters, whose available energy is
≥ Eth, will be able to access the channel.
A. Scheme 1: Fixed Transmission Probability (FTP)
In the FTP scheme, a fixed transmission probability is
equally assigned to all the operable D2D transmitters. Thus,
only a subset of operable transmitters can communicate with
their corresponding receivers. In order to derive the outage
probability expressions and average achievable D2D sum-rate,
we need to derive the probability that a D2D transmitter is
operable piFTPo and the density of operable and transmitting
D2D users, λFTPt .
According to (6), the energy model for the ith D2D trans-
mitter in FTP scheme can be expressed as
Ein = E
i
n−1 +H
i
n−1 − PdXin−1,oXin−1,t, (7)
where Xin−1,o and X
i
n−1,t denote the D2D transmitter status
of being operable and transmitting, respectively given as
Xin−1,o =
{
1 if Ein−1 ≥ Eth
0 if Ein−1 < Eth,
(8)
and
Xin−1,t =
{
1 with probability pFTPt
0 with probability 1− pFTPt ,
(9)
where pFTPt denotes the transmission probability of an
operable D2D transmitter. Let define the probability of being
an operable user, i.e., piFTPo = limN→∞
1
N
∑N
n=0 E
[
Xin,o
]
[28] which is derived in Proposition 1.
Proposition 1. The probability of being an operable D2D
transmitter with FTP scheme is derived as
piFTPo =

αµ
2
α
1
(α−2)R2 +
2µ1
(2−α)Rα if
(
ηPb
PdpFTPt
) 1
α ≤ R
1 if
(
ηPb
PdpFTPt
) 1
α
> R,
(10)
where µ1 = ηPbPdpFTPt
.
Proof. See Appendix A. 
As (10) indicates, the probability of being an operable user
has a reverse relation with pFTPt in the case
(
ηPb
PdpFTPt
) 1
α ≤ R.
However, for the case
(
ηPb
PdpFTPt
) 1
α
> R, we have pFTPt = 1.
4By deriving piFTPo , the density of users which are operable and
will transmit is λFTPt = λdpi
FTP
o p
FTP
t .
Now, using λFTPt , we can derive and evaluate the perfor-
mance of FTP scheme.
1) BS Outage Probability: The interference at BS is only
caused by the transmitting operable D2D users with density
λFTPt . The outage probability of BS is described as the
probability that the SINR at the BS is less than a predetermined
threshold, i.e. γb. By invoking (4), the following proposition
provides the BS outage probability within the FTP scheme.
Proposition 2. The outage probability of BS for FTP scheme
can be approximated as
P FTPout,b(γb) ≈1−
pi
RK
K∑
k=1
ak
√
1− x2k exp
(
− γbN0
Pca
−α
k
)
× exp
(
−piλFTPt Ξ(α)a2kP
2
α
d P
−2
α
c γ
2
α
b
)
, (11)
where Ξ(α) = Γ
(
1− 2α
)
Γ
(
1 + 2α
)
, and K is defined as a
parameter to guarantee an accuracy-complexity tradeoff, xk =
cos( 2k−12K pi) and ak =
R
2 xk +
R
2 .
Proof. See Appendix B. 
The outage expression in (11) highlights the effect of piFTPo
and pFTPt on the P
FTP
out,b(γb). If pi
FTP
o = 1, then λ
FTP
t = λdp
FTP
t .
In this case, increasing pFTPt , causes increase of P
FTP
out,b(γb).
The reason is that all the D2D transmitters will be operable
and then the number of transmitters will be only dependent on
λd and pFTPt ; hence, the increase of these parameters results
in a large number of transmitting users. If piFTPo 6= 1, then
λFTPt = λdp
FTP
t pi
FTP
o . In this case, α, µ1 and R specify the
trends of λFTPt which in turn specifies the trends of P
FTP
out,b(γb).
2) D2D Outage Probability: According to (2), the inflicted
interference for a given D2D receiver is caused by the cellular
user and the other transmitting operable D2D transmitters.
The D2D outage probability is expressed as the probability in
which the SINR at a D2D receiver is less than a predetermined
threshold γd. The following proposition provides the exact
D2D outage probability for the FTP scheme.
Proposition 3. With the FTP scheme, the D2D outage
probability can be approximated as
P FTPout,d(γd)≈1−exp
(
− γdN0
Pdr
−α
d
)
exp
(
−piλFTPt r2dγ
2
α
d Ξ(α)
)
× Rpi
K
K∑
k=1
√
1− x2k
1 +
γdPcb
−α
k
Pdr
−α
d
fdc,i (bk) , (12)
where bk = Rxk +R, and fdc,i (r) given by
fdc,i (r) =
(
2r
R2
)(
2
pi
arccos
( r
2R
)
− r
piR
√
1− r
2
4R2
)
,
(13)
for 0 ≤ r ≤ 2R, denotes the PDF of the distance between
two randomly distributed nodes in a disk with radius R [31].
Proof. See Appendix C.

The proposition 3 explicitly reveals that the D2D outage
probability determined by pFTPt and pi
FTP
o in which these two
parameters specify the λFTPt . By increasing p
FTP
t pi
FTP
o , λ
FTP
t
increases and accordingly the outage probability increases.
3) Average achievable D2D Sum-Rate: The average achiev-
able D2D sum-rate with the FTP scheme is derived in the
Proposition 4 by considering the fact that the D2D users
only transmit in UL and the average number of transmitting
operable transmitters equals to NFTPt = λ
FTP
t piR
2.
Proposition 4. The average achievable D2D sum-rate of the
FTP scheme can be expressed as
RFTPs =
λFTPt piR
2
2 Ln2
∫ ∞
0
1−P FTPout,d (x)
1 + x
dx. (14)
Proof. See Appendix D. 
It is seen that the trends of λFTPt and P
FTP
out,d which are
dependent on pFTPt and pi
FTP
o , specify the R
FTP
s .
B. Scheme 2: Adaptive Transmission Probability (ATP)
In this scheme, an operable D2D transmitter senses the
channel before accessing it, based on which it can decide to
transmit or remain idle if an ongoing transmission is detected.
Note that a non-operable D2D transmitter just stays idle. An
elementary sensing period has a duration of Ts. Each D2D
transmitter selects a random number between 0 and 1 which
is denoted by tis for the i
th D2D transmitter i.e. tis ∼ U [0, 1]
as in [32]. Based on the selected number and the sensing
duration Ts, the maximal sensing period is set to tisTs. As
the sensing period is considered very short, we can adopt the
approximation that the cellular user also starts to transmit after
Ts, which simplifies the expressions. A subset of operable
transmitters that do not detect any nearby transmission start
to access to the channel, while the others remain idle.
In this scheme, the available energy for the ith D2D
transmitter can be expressed as
Ein =E
i
n−1 +H
i
n−1− PstisTsXin−1,o
− Pd(1− tisTs)Xin−1,oXin−1,t, (15)
where Ps denotes the consumed power during sensing
period. We assume that the consumed energy for sensing is
negligible compared to Eth, such that it cannot affect the state
change from operable to non-operable. Hence, if Ein ≥ Eth
for the ith user, then Ein − PstisT ≥ Eth. Xin−1,o is the state
of being operable at the beginning of the UL sub-slot:
Xin−1,o =
{
1 if Ein−1 ≥ Eth
0 if Ein−1 < Eth,
(16)
and Xin−1,t is the channel access capability:
Xin−1,t =
{
1 with probability pATPt
0 with probability 1− pATPt .
(17)
We denote the probability of being an operable D2D user
with piATPo = limN→∞
1
N
∑N
n=0 E
[
Xin,o
]
. By this definition,
5and following the same approaches as in Proposition 1, piATPo
can be obtained as
piATPo =Edb,i
[
min
(
1,
Ehb,i
[
ηPb|hb,i|2(db,i)−α
]
PsE[tisTs] + PdE[1− tisTs]pATPt
)]
=
∫ R
0
min
(
1,
ηPbr
−α
Ps
Ts
2 + Pd(1− Ts2 )pATPt
)
2r
R2
dr. (18)
We will have the following cases for ith and jth operable
D2D transmitters:
• The ith and jth operable D2D transmitters will transmit
if none of them detects another transmission.
• The ith operable D2D transmitter will transmit if tis < t
j
s
or tis ≥ tjs but the ith operable D2D transmitter does
not detect another transmitted signal. In fact, this means
that the jth operable D2D transmitter is not in the pro-
tection region of the ith operable D2D transmitter. More
specifically, the protection region is defined as a circular
region around each operable D2D transmitter with radius(
Pd|hi,j |2
βth
) 1
α
, where |hi,j |2 is the channel gain between
ith and jth transmitters. The average protection region
around an operable D2D transmitter can be obtained as
rp = Ehi,j
[(
Pd|hi,j |2
βth
) 1
α
]
=
(
Pd
βth
) 1
α
Γ
(
1 +
1
α
)
,
(19)
where the received power from the nearby interfering
D2D transmitter should be less than the protection thresh-
old βth. The fact is that the D2D receivers should be
protected from the interference of the other transmitters.
By assuming rp >> rd, a D2D receiver is also protected
by the sensing done by its transmitter [10].
The transmission probability of ATP scheme, pATPt , by using
[32, Proposition 13] and [33], can be written as
pATPt =
1− exp(−WpiATPo )
WpiATPo
, (20)
where W =
2piΓ( 2α )λd
α
(
βth
Pd
) 2
α
.
Then, by invoking (18) and (20), piATPo can be derived as a
function of the system parameters
piATPo =
∫ R
0
min
(
1,
ηPbr
−α
Ps
Ts
2 +Pd(1− Ts2 ) 1−exp(−Wpi
ATP
o )
WpiATPo
)
2r
R2
dr.
(21)
Now, we turn our attention to derive the outage probabilities
and the average achievable D2D sum-rate for the ATP scheme.
1) BS Outage Probability: The BS is in outage if the
received SINR at the BS is less than γb. For ATP scheme,
we have the following result.
Proposition 5. BS outage probability within ATP scheme can
be obtained as
PATPout,b(γb) ≈ 1−
pi
KR
K∑
k=1
ak
√
1− xk2 exp
(
− γbN0
Pca
−α
k
)
× exp
(
−piλATPt γ
2
α
b a
2
kP
2
α
d P
−2
α
c Ξ(α)
)
. (22)
Proof. The proof follows similar steps as those in Proposi-
tion 2, and it is thus omitted. 
Proposition 5 implies that PATPout,b(γb) is the same as for FTP
scheme, considering the same number of D2D transmissions
which, as Proposition 5 denotes, PATPout,b(γb) is a function of
λATPt . From (21), it follows that p
ATP
t and pi
ATP
o are related
to each other due to sensing; this results in an algorithm that
adapts the density of transmitting operable users.
2) D2D Outage Probability: D2D outage probability for
the ATP scheme can be written as
PATPout,d (γd) = 1− exp
(
− γdN0
Pdrd−α
)
×Eφt,hj,i
∏
j∈φt
exp
(
−γd|hj,i|
2d−αj,i
r−αd
)
×
∫ 2R
0
(
1
1 + γdPcr
−α
Pdrd−α
)
× fdc,i (r) dr, (23)
where
Eφt,hj,i
∏
j∈φt
exp
(
−γd|hj,i|
2d−αj,i
r−αd
)
=exp
(
−2piλATPt
∫ ∞
rp
(
1−Ehj,i
[
exp
(−γd|hj,i|2r−α
r−αd
)])
rdr
)
= exp
−piλATPt ∫ ∞
rp2
dv
1 +
r−αd v
α
2
γd
 . (24)
By setting r2 = v, we can express PATPout,d(γd) as
PATPout,d(γd) = 1− exp
(
− γdN0
Pdrd−α
)
× exp
−piλATPt ∫ ∞
r2p
dv
1 +
r−αd v
α
2
γd

×
∫ 2R
0
(
1
1 + γdPcr
−α
Pdrd−α
)
× fdc,i (r) dr︸ ︷︷ ︸
OATP1
.
(25)
where by using Gaussian-Chebyshev quadrature, we can ex-
press OATP1 as
OATP1 ≈
Rpi
K
K∑
k=1
√
1− xk2
1 + γdPcbk
−α
Pdrd−α
fdc,i (bk) . (26)
The difference between the D2D outage probability of
FTP and ATP schemes arises from the interference from the
different set of D2D transmitters due to the sensing property.
However, the terms related to the noise and the inflicted
interference from the cellular user are the same for FTP and
ATP schemes.
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Fig. 3. The probability of being operable, piFTPo , versus p
FTP
t for different η
i.e. 0.3 and 0.8 for FTP scheme.
3) Average achievable D2D Sum-Rate: In this scheme, the
number of transmitters will be NATPt = λ
ATP
t piR
2. Then, the
average achievable D2D sum-rate with regards to that the D2D
transmitter can only transmit on UL sub-slot and based on the
derived D2D outage probability is given by
RATPs = E
NATPt∑
i=1
1− tisTs
2
log2(1 + Γi)

=
1− Ts2
2
λATPt piR
2
Ln2
∫ ∞
0
1− PATPout,d (x)
1 + x
dx,
(27)
where in the last step, we use the fact that E[Tstis] =
Ts
2
and pATPout,d is invoked from (25).
Remark 1. The expressions in (14) and (27) are not simple
enough to provide immediate insight, but they are general and
fast to evaluate using popular scientific software packages such
as Matlab and Mathematica.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we evaluate the performance of FTP and
ATP schemes for EH based D2D underlying cellular network.
For both schemes, we present the results for D2D and cellular
outage probabilities and also average achievable D2D sum-
rate. Then, we discuss the effect of important parameters such
as λd, η pFTPt , and βth on these performance metrics.
We set the transmit power of BS and cellular transmitters
to Pb = 44 dBm and Pc = 10 dBm. The D2D transmission,
D2D sensing, and noise power are set to Pd = −10 dBm,
Ps = −30 dBm and N0 = −90 dBm, respectively. The D2D
and cellular transmitters are scattered in a circular region with
radius R = 100 m. In this region, each D2D receiver is placed
in the distance rd = 5 m from its transmitter. The unit variance
Rayleigh fading is considered for all links. Moreover, the path
loss exponent for the cellular and D2D is set to α = 4.
The effect of transmission probability on the probability
of being an operable user is illustrated in Fig. 3. Increasing
the transmission probability is followed by consuming more
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Fig. 4. The probability of being operable, piATPo , and the transmission
probability, pATPt , versus βth and for λd ∈ {0.01, 0.001} and η ∈ {0.3, 0.8}
energy which diminishes the energy level of the battery and
the probability of being an operable user which is depicted
in this figure. We compare this probability for η = 0.3 and
η = 0.8. As expected, higher η provides a higher amount of
harvested energy which increases the probability of being an
operable user. pFTPt and pi
FTP
o are independent of the density
of D2D transmitters i.e. λd, then these probabilities are equal
for all λd. It is worthy to mention that as Fig. 3 shows, in
the case of η = 0.3 and pFTPt = 0.9, the probability of being
operable goes to 0 which means none of the D2D transmitters
can transmit. This indicates the importance of EH designing
and transmission probability pFTPt parameters on the EH-based
D2D networks.
Fig. 4 depicts the transmission probability and the probabil-
ity of being an operable user as a function of protection power
threshold i.e. βth for the ATP scheme. As βth increases, the
transmission probability increases, while the probability of be-
ing an operable user decreases. The reason is that by increasing
βth, more users will have the opportunity to transmit and then
the transmission probability of D2D transmitters increases.
In this regard, similar to the FTP scheme, the probability
of being operable decreases by increasing the transmission
probability. Transmission probability trends are also examined
by increasing the density of D2D transmitters, λd. It can be
observed that by increasing λd, the transmission probability is
reduced, while the probability of being operable is increased.
This is due to the fact that in the ATP scheme, the sensing
capability enables an adaptive transmission probability based
on the density of D2D transmitters.
Fig. 5 shows the outage probability for D2D transmitters
with FTP and ATP schemes as a function of γd. In order to al-
low a fair comparison, we set βth = -72 dBm and pFTPt = 0.1
for η = 0.8 and λd = 0.01 which provide the identical λFTPt
and λATPt . It can be observed that ATP scheme achieves lower
outage probability for D2D transmitters, especially for the
higher γd. This result highlights the importance of channel
sensing which leads to select the D2D transmitters located far
enough to each other, which result in efficient interference
management framework for the considered D2D underlaid
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cellular system. In this figure, we also include the results for
η = 0.3 with the same parameters. This provides the equal
λATPt due to the adaptive property of the ATP scheme and also
the same βth which translates to the same protection region
for each D2D user. In this case, as expected, lower outage
probability for FTP scheme is achieved compared to the case
η = 0.8.
We show the BS outage probability as a function of γb
in Fig. 6. The BS outage probability of FTP and ATP
schemes with the equal density of transmitting operable users
i.e. λFTPt = λ
ATP
t are identical. Higher η and λd provide
higher BS outage probability due to the higher number of
transmitting operable users. It can be also seen that the BS
outage probability is a monotone increasing function of γb.
This figure also reveals that, for higher γb and D2D densities
larger than λd = 0.01, the BS outage probability tends
to 1, which means that none of the transmitted signals by
the cellular users can be received correctly. In this regard,
to provide better performance for cellular communication
with the aforementioned parameters, we need to reduce the
transmitting operable D2D users that send on the same cellular
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Fig. 7. Average achievable D2D sum-rate versus βth for ATP scheme.
channel.
In Fig. 7, we evaluate the potential tradeoff between D2D
outage probability and the number of transmitting operable
users. In this regard, we show the average achievable D2D
sum-rate for ATP scheme as a function of βth. Increasing
βth results in a reduction of the protection radius which also
translates to an increase in the density λATPt of transmitting
operable D2Ds. It can then be seen that increasing βth has two
effects on the system performance, which define the trends of
D2D sum rate. The first effect is the increase of the number of
transmitting operable D2Ds. The second effect is an increased
D2D outage probability. Thus, selecting the best βth plays an
important role in the value of D2D sum rate. As an example,
for λd = 0.01 and η = 0.8, we can observe the increase of
sum-rate with βth from -85 dBm to -60 dBm, but after that the
sum-rate decreases. For higher λd and η, the D2D sum-rate
increases, which is more pronounced at higher βth due to the
increased number of transmitting operable users.
V. CONCLUSION
This paper has presented an interference management mech-
anism with a TDD protocol for a RFEH-based D2D network.
The D2D transmitters follow a time-division protocol and they
are allowed to transmit during the UL sub-slots, while they
harvest energy during the DL sub-slots. With this protocol,
a D2D transmitter can harvest sufficient energy to become
operable and transmit during the UL sub-slot.
In this regard, we have presented an accurate energy model
for analysis of the available energy of D2D transmitters. In
order to control the interference created by the operable D2D
transmitters, we have proposed two schemes, with fixed and
adaptive transmission probabilities, denoted as FTP and ATP,
respectively. In FTP, the operable D2D transmitters initiate a
transmission with a fixed probability. In ATP, an operable D2D
transmitter senses the channel and stays idle if the channel is
busy. The evaluation results highlight the importance of the
EH design parameters as well as the effects of transmission
probability on the system performance. Moreover, the results
reveal that channel sensing significantly affects the outage
8probability and D2D sum-rate of the system. An interesting
step for future work would be consideration of multiple
cellular users and channels and also the possibility for channel
selection for a D2D transmission.
APPENDIX A
PROOF OF PROPOSITION 1
The probability of D2D transmitter being an operable, can
be expressed as [28]
piFTPo = lim
N→∞
1
N
N∑
n=0
E
[
Xin,o
]
. (28)
In order to derive (28), and by considering the fixed distance
between D2D transmitters and BS, we investigate two different
cases: ηPbd−αb,i < Pdp
FTP
t and ηPbd
−α
b,i > Pdp
FTP
t which are
respectively corresponds to the cases where the expected of
harvested energy for a D2D user in the distance db,i is lower
and higher than the expected of consumed energy. Under the
first condition, we can readily obtain piFTPo =
ηPbd
−α
b,i
PdpFTPt
. On
the other hand, when ηPbd−αb,i > Pdp
FTP
t by using the weak
law of large numbers, piFTPo is equal to 1. Therefore, for fixed
distance assumption between D2D transmitter and BS, (28)
can be obtained as
piFTPo = min
(
1,
ηPbd
−α
b,i
PdpFTPt
)
. (29)
Noticing that D2D transmitter are randomly located in the
distance 0 to R with uniform distribution, i.e., fdb,i(r) =
2r
R2
and by taking the average over the location of the D2D
transmitter, piFTPo is given by
piFTPo =
∫ R
0
min
(
1,
ηPbr
−α
PdpFTPt
)
2r
R2
dr, (30)
which after some algebraic manipulation the desired result
in (10) can be obtained.
APPENDIX B
PROOF OF PROPOSITION 2
The BS is in outage if the received SINR at the BS is less
than γb. Therefore, by invoking (4), P FTPout,b (γb) can be written
as
P FTPout,b (γb) = 1− Pr
(
Pc|hc,b|2d−αc,b∑
j∈φt Pd|hj,b|2d−αj,b +N0
≥ γb
)
.
(31)
By using the fact that |hc,b|2 follows unit mean exponential
distribution, Pr(Γb ≥ γb) can be expressed as
Pr(Γb ≥ γb) = Edc,b
[
exp
(
− γbN0
Pcd
−α
c,b
)
×Eφt,hj,b
[ ∏
j∈φt
exp
(
− Pd|hj,b|
2d−αj,b γb
Pcd
−α
c,b
)]]
. (32)
To this end, by invoking the PGFL of homogeneous PPP
distribution2, we obtain
2Let ν(x) : R2 → [0, 1] and ∫R2 |1− ν(x)|dx <∞. When Φ is Pois-
son of intensity λ, the conditional generating functional is E{∏x∈Φ ν(x)} =
exp
(−λ ∫R2 [1− ν(x)]dx) [29].
Eφt,hj,b
∏
j∈φt
exp
(
−Pd|hj,b|2d−αj,b γb
Pcd
−α
c,b
)
= exp
(
−2piλFTPt Ehj,b
[∫ ∞
0
(
1−exp
(
−Pd|hj,b|2γb
Pcd
−α
c,b r
α
))
rdr
])
= exp
(
−piλFTPt Ehj,b
[∫ ∞
0
(
1−exp
(
−Pd|hj,b|2γb
Pcd
−α
c,b z
))
2z
2
α−1dz
α
])
,
(33)
where in the last equality, we have used the variable change
rα = z. By using the product rule(
f(x)g(x)
)′
= f ′(x)g(x) + f(x)g′(x), (34)
where f ′(x) and g′(x) are the derivative of f(x) and g(x),
we get
∫ ∞
0
(
1−exp
(
−Pd|hj,b|2γb
Pcd
−α
c,b z
))
2z
2
α−1
α
dz
=
∫ ∞
0
Pd|hj,b|2γb
Pcd
−α
c,b
exp
(
−Pd|hj,b|2γbv
Pcd
−α
c,b
)
v−
2
α dv
=
(
Pd|hj,b|2γb
Pc
) 2
α
d2c,bΓ
(
1− 2
α
)
, (35)
where we have used the variable change z = 1v . Moreover,
we have
Eφt,hj,b
∏
j∈φt
exp
(
−Pd|hj,b|
2d−αj,b γb
Pcd
−α
c,b
)
= exp
(
−piλFTPt Ξ(α)γ
2
α
b dc,b
2Pd
2
αPc
−2
α
)
. (36)
By using (36), P FTPout,b (γb) can be expressed as
P FTPout,b (γb) = 1−
∫ R
0
exp
(
− γbN0
Pcr−α
)
× exp
(
−piλFTPt Ξ(α)γ
2
α
b Pd
2
αPc
−2
α r2
) 2r
R2
dr. (37)
To this end, by applying the Gaussian-Chebyshev quadrature
method [34], the desired result in (11) is obtained.
APPENDIX C
PROOF OF PROPOSITION 3
To derive P FTPout,d, we have
P FTPout,d = 1− Pr (Γi ≥ γd)
= 1−exp
(
− γdN0
Pdrd−α
)
exp
(
−piλFTPt rd2γ
2
α
d Ξ(α)
)
︸ ︷︷ ︸
OFTP1
×
∫ 2R
0
1
1 + Pcγdr
−α
Pdrd−α
fdc,i(r)dr︸ ︷︷ ︸
OFTP2
, (38)
where we have used similar steps as those in the proof of
Proposition 2 to derive OFTP1 .
9Moreover, by applying the Gaussian-Chebyshev quadrature
method, OFTP2 can be derived as
OFTP2 ≈
Rpi
K
K∑
k=1
√
1− xk2
1 + γdPcbk
−α
Pdrd−α
fdc,i (bk) . (39)
To this end, by substituting (39) into the last term of (38),
the desired result is obtained.
APPENDIX D
PROOF OF PROPOSITION 4
The achievable D2D sum-rate can be written as
RFTPs =
1
2
E
NFTPt∑
n=1
log2(1 + Γn)

=
1
2
λFTPt piR
2
E [log2 (1 + Γd)]
=
1
2
λFTPt piR
2
∫ ∞
0
log2 (1 + x) fΓd (x) dx, (40)
where E [log2 (1 + Γd)] is the average achievable rate. By
applying the product rule, We can write∫ ∞
0
log2 (1 + x) fΓd (x) dx
= −
∫ ∞
0
log2 (1 + x) (Pr (Γd ≥ x))′ dx
=
1
Ln2
∫ ∞
0
1
1 + x
(
1− P FTPout,d (x)
)
dx. (41)
To this end, invoking the outage probability expression
in (12) yields the desired result.
REFERENCES
[1] X. Lin, J. G. Andrews, A. Ghosh, and R. Ratasuk, “An overview of 3GPP
device-to-device proximity services,” IEEE Commun. Mag., vol. 52,
no. 4, pp. 40–48, Apr. 2014.
[2] G. Fodor, E. Dahlman, G. Mildh, S. Parkvall, N. Reider, G. Mikls,
and Z. Turnyi, “Design aspects of network assisted device-to-device
communications,” IEEE Commun. Mag., vol. 50, no. 3, pp. 170–177,
Mar. 2012.
[3] F. Jameel, Z. Hamid, F. Jabeen, S. Zeadally, and M. A. Javed, “A survey
of device-to-device communications: Research issues and challenges,”
IEEE Commun. Surv. Tut., vol. 20, no. 3, pp. 2133–2168, 3rd Quart.
2018.
[4] C. Yu, K. Doppler, C. B. Ribeiro, and O. Tirkkonen, “Resource sharing
optimization for device-to-device communication underlaying cellular
networks,” IEEE Trans. wireless Commun., vol. 10, no. 8, pp. 2752–
2763, Aug. 2011.
[5] H. Min, J. Lee, S. Park, and D. Hong, “Capacity enhancement using an
interference limited area for device-to-device uplink underlaying cellular
networks,” IEEE Trans. wireless Commun., vol. 10, no. 12, pp. 3995–
4000, Dec. 2011.
[6] F. Boccardi, R. W. Heath, A. Lozano, T. L. Marzetta, and P. Popovski,
“Five disruptive technology directions for 5G,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 74–80, Feb. 2014.
[7] P. S. Bithas, K. Maliatsos, and F. Foukalas, “An SINR-aware joint
mode selection, scheduling, and resource allocation scheme for D2D
communications,” IEEE Trans. Veh. Tech., vol. 68, no. 5, pp. 4949–
4963, May 2019.
[8] Z. Zhang, Y. Xiao, Z. Ma, M. Xiao, Z. Ding, X. Lei, G. K. Karagiannidis,
and P. Fan, “6G wireless networks: Vision, requirements, architecture,
and key technologies,” IEEE Veh. Technol. Mag., vol. 14, no. 3, pp.
28–41, Sep. 2019.
[9] K. Lee, J. Hong, H. Seo, and W. Choi, “Learning-based resource
management in device-to-device communications with energy harvesting
requirements,” IEEE Trans. Commun., vol. 60, no. 1, pp. 402–413, Jan.
2020.
[10] A. H. Sakr and E. Hossain, “Cognitive and energy harvesting-based D2D
communication in cellular networks: Stochastic geometry modeling and
analysis,” IEEE Trans. Commun., vol. 63, no. 5, pp. 1867–1880, May
2015.
[11] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” IEEE Commun.
Surv. Tut., vol. 17, no. 2, pp. 757–789, 2nd Quart. 2015.
[12] X. Liu and N. Ansari, “Toward green IoT: Energy solutions and key
challenges,” IEEE Commun. Mag., vol. 57, no. 3, pp. 104–110, Mar.
2019.
[13] S. Ulukus, A. Yener, E. Erkip, O. Simeone, M. Zorzi, P. Grover, and
K. Huang, “Energy harvesting wireless communications: A review of
recent advances,” IEEE J. Sel. Areas Commun., vol. 33, no. 3, pp. 360–
381, Mar. 2015.
[14] S. Lee, R. Zhang, and K. Huang, “Opportunistic wireless energy
harvesting in cognitive radio networks,” IEEE Trans. wireless Commun.,
vol. 12, no. 9, pp. 4788–4799, Sep. 2013.
[15] J. G. Andrews, F. Baccelli, and R. K. Ganti, “A tractable approach to
coverage and rate in cellular networks,” IEEE Trans. Commun., vol. 59,
no. 11, pp. 3122–3134, Nov. 2011.
[16] S. Kusaladharma and C. Tellambura, “Performance characterization
of spatially random energy harvesting underlay D2D networks with
transmit power control,” IEEE Trans. Green Commun. and Netw., vol. 2,
no. 1, pp. 87–99, Mar. 2018.
[17] L. Shi, L. Zhao, K. Liang, and H. Chen, “Wireless energy transfer
enabled D2D in underlaying cellular networks,” IEEE Trans. Veh.
Technol., vol. 67, no. 2, pp. 1845–1849, Feb. 2018.
[18] R. Atat, L. Liu, N. Mastronarde, and Y. Yi, “Energy harvesting-based
D2D-assisted machine-type communications,” IEEE Trans. Commun.,
vol. 65, no. 3, pp. 1289–1302, Mar. 2017.
[19] H. H. Yang, J. Lee, and T. Q. Quek, “Heterogeneous cellular network
with energy harvesting-based D2D communication,” IEEE Trans. wire-
less commun., vol. 15, no. 2, pp. 1406–1419, Oct. 2016.
[20] M. Xie, X. Jia, M. Zhou, and L. Yang, “Study on energy efficiency of
D2D underlay massive MIMO networks with power beacons,” in Proc.
Intl. Conf. wireless Commun. Signal Process. (WCSP), Oct. 2016, pp.
1–5.
[21] H. Wang, J. Wang, G. Ding, and Z. Han, “D2D communications
underlaying wireless powered communication networks,” IEEE Trans.
Veh. Technol., vol. 67, no. 8, pp. 7872–7876, Aug. 2018.
[22] J. Ding, L. Jiang, and C. He, “Dynamic spectrum allocation for energy
harvesting-based underlaying D2D communication,” in Proc. IEEE Veh.
Technol. Conf. (VTC), May 2016, pp. 1–5.
[23] H. Dai, Y. Huang, Y. Xu, C. Li, B. Wang, and L. Yang, “Energy-
efficient resource allocation for energy harvesting-based device-to-device
communication,” IEEE Trans. Veh. Technol., vol. 68, no. 1, pp. 509–524,
Jan. 2019.
[24] Z. Zhou, C. Gao, C. Xu, T. Chen, D. Zhang, and S. Mumtaz, “Energy-
efficient stable matching for resource allocation in energy harvesting-
based device-to-device communications,” IEEE Access, vol. 5, pp.
15 184–15 196, 2017.
[25] M. Abramowitz and I. A. Stegun, Handbook of mathematical functions:
with formulas, graphs, and mathematical tables. Courier Corporation,
1965, vol. 55.
[26] N. Lee, X. Lin, J. G. Andrews, and R. W. Heath, “Power control for
D2D underlaid cellular networks: Modeling, algorithms, and analysis,”
IEEE J. Sel. Areas Commun., vol. 33, no. 1, pp. 1–13, Jan. 2015.
[27] A. Memmi, Z. Rezki, and M. Alouini, “Power control for D2D under-
lay cellular networks with channel uncertainty,” IEEE Trans. wireless
Commun., vol. 16, no. 2, pp. 1330–1343, Feb. 2017.
[28] K. Huang, “Spatial throughput of mobile Ad Hoc networks powered
by energy harvesting,” IEEE Trans. Inf. Theory, vol. 59, no. 11, pp.
7597–7612, Nov. 2013.
[29] S. N. Chiu, D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic geometry
and its applications. 2nd ed. Hoboken, NJ, USA: John Wiley & Sons,
1996.
[30] Z. Behdad, M. Mahdavi, and N. Razmi, “A new relay policy in RF
energy harvesting for IoT networksa cooperative network approach,”
IEEE Internet of Things J., vol. 5, no. 4, pp. 2715–2728, Aug. 2018.
[31] D. Moltchanov, “Distance distributions in random networks,” Ad Hoc
Netw., vol. 10, no. 6, pp. 1146–1166, Mar. 2012.
[32] T. V. Nguyen and F. Baccelli, “A stochastic geometry model for cognitive
radio networks,” The Comput. J., vol. 55, no. 5, pp. 534–552, 2012.
[33] H. Sun, M. Wildemeersch, M. Sheng, and T. Q. S. Quek, “D2D
enhanced heterogeneous cellular networks with dynamic TDD,” IEEE
Trans. Wireless Commun., vol. 14, no. 8, pp. 4204–4218, Aug 2015.
[34] F. B. Hildebrand, Introduction to numerical analysis. Courier Corpo-
ration, 1987.
